In some countries across the globe, tropical forest cover is increasing. The national-scale reforestation of Vietnam since 1992 is assumed to contribute to this recovery. It is achieved, however, by the displacement of forest extraction to other countries on the order of 49 (34 -70) M m 3 , or Ϸ39% of the regrowth of Vietnam's forests from 1987 to 2006. Approximately half of wood imports to Vietnam during this period were illegal. Leakage due to policies restricting forest exploitation and displacement due to growing domestic consumption and exports contributed respectively to an estimated 58% and 42% of total displacement. Exports of wood products from Vietnam also grew rapidly, amounting to 84% of the displacement, which is a remarkable feature of the forest transition in Vietnam. Attribution of the displacement and corresponding forest extraction to Vietnam, the source countries or the final consumers is thus debatable. Sixty-one percent of the regrowth in Vietnam was, thus, not associated with displacement abroad. Policies allocating credits to countries for reducing deforestation and forest degradation should monitor illegal timber trade and take into account the policy-induced leakage of wood extraction to other countries.
T
here are signs of tropical forest recovery in a few countries (1-3), but its causes and implications remain inadequately understood, especially with respect to international agendas that would provide carbon credits for tropical forest protection (4, 5) .
Vietnam underwent a forest transition-i.e., a national-scale shift from net deforestation to net reforestation-in the early 1990s (6) . Forest cover has grown steadily since that time, from 24.7 (24.6-31.1)% of the country's area in 1992 to 38.2 (34.4-42.1)% in 2005. Several internal political, socioeconomic, and land-use processes contributed to this reforestation (7) . During this period, logging was severely restricted in natural forests by successive forestry policies, whereas recorded wood imports have increased substantially and large quantities of illegal logs entered the country, mostly from Cambodia (8) and Laos (9) . At the same time, Vietnam banned the exports of raw logs and developed a flourishing furniture manufacture and export sector (8, 10) . This suggests that Vietnam protected its forests and developed its economy by exporting its deforestation to neighboring countries, a situation considered as leakage by various forest conservation programs.
Leakage-an increase in deforestation/degradation [or greenhouse gases (GHG) emissions] somewhere caused by the reduction of deforestation/degradation (or GHG emissions) elsewhere-is a major challenge in policies aimed at protecting forests and mitigating carbon emissions. Leakage has been studied mainly through spatially explicit assessments of local spillover around protected areas (11, 12) or through econometric modeling at local (13) or country to global scales (14) , with mixed evidence. Local studies account mainly for primary leakages, i.e., leakages caused by the same agents that are responsible for the targeted activities (15) . Leakage calculated by large-scale econometric models represent from 42% to 95% of the reduction of deforestation implemented by a country (14) . These models usually account for primary and secondary leakages, the latter being the leakage due to incentives such as increasing prices generated by protection measures (15) .
Background
The forestry sector in Vietnam is represented in Fig. 1 . Industrial roundwood extracted from natural and planted forests of Vietnam constitutes the domestic supply. When added to legal and illegal roundwood imports, it constitutes the total industrial roundwood supply. Part of it may be exported as roundwood, and the rest is processed in the country to produce sawnwood, plywood, chips, and other intermediate products. Some processed wood is also imported. This pool is then transformed into secondary processed (or value-added) wood products (SPWP) such as furniture, joinery, or construction wood, for either domestic use or export. When added to exports of roundwood and processed wood, they constitute the total wood consumption and exports of the country. The annual increase in commercially exploitable growing stock volume in the forests-called the annual increment-is due to the growth of existing trees, natural regeneration of forests on abandoned land, and afforestation and reforestation.
Displacement, a more general concept than leakage, is defined as a temporal, spatial, social or sectoral separation between consumption and production of a material good (16) , in this case wood products. Displacement from one country to another of wood extraction and its ecological impacts is not exclusively the result of reforestation in the first country, because it accounts for any flow of wood that is used domestically but extracted abroad. In the context of Vietnam, total displacement should be separated into policy-induced leakage and demand-driven displacement. The former occurs when an increase in displacement of wood extraction is due to a policy-induced reduction in domestic roundwood supply, with unchanged consumption of SPWP and exports. Policy-induced leakage is the focus of most studies (11, 13, 14, 17) . The latter occurs when an increase in displacement abroad is due to an increase in domestic consumption and exports of SPWP that remains unmatched by a corresponding increase in domestic supply, assuming unchanged policies.
The objective of this study is to address two related questions: (i) Is the forest transition in Vietnam associated with a leakage of forest extraction outside its borders? (ii) If all of the timber imported by Vietnam from foreign countries between 1987 and 2006 had been extracted from Vietnamese forests, how would these forests growing stock, area, and quality have changed? The study period spans the 5 y before the forest transition, the turning point in forest cover, and the following 15 y of net reforestation. We use a material flows analysis to estimate the displacement of forest exploitation to neighboring countries generated by Vietnam, separating it into its policy-induced and demand-driven components. This approach is similar to that used in demography to analyze population dynamics by separating it into the rates of different components of change (18) . The displacement is then compared with the exports generated from Vietnam and to the unexploited annual increment in wood volume produced by forests in Vietnam. We evaluate the consequence of the displacement for the changes in density, area, and quality of forests in Vietnam. Time series of domestic wood extraction, processing, legal imports, and exports were obtained from FAO, and converted to roundwood equivalent (RWE) volume. Illegal timber imports for 1997-2006 were calculated as the gap between domestic supply plus legal imports of roundwood and production of processed wood products, and for 1987-1997 based on an extrapolation of published figures. Policy-induced leakage was calculated as the fraction of displacement that would have been extracted in domestic natural forests absent any reduction in harvest quotas in these forests, based on an extrapolation of wood extraction before this policy following the evolution of wood prices. The residual part of total displacement constituted the demand-driven displacement. The annual increment in commercially exploitable (i.e., wood for industry, construction, and pulping) growing stock in forests was estimated by using forest cover area data from the Vietnamese Forest Inventory and Planning Institute (FIPI) and parameters from the literature. Table S1 ]. Illegal extraction in the country doubled during the period but remained a small share of total roundwood production. Industrial demand, however, grew dramatically, with a rapid increase in production and exports of processed wood and SPWP ( Fig. 2 B and C) and in imports of processed wood (Fig.  2D ). Legal imports of roundwood did not increase sufficiently to feed the growth in the Vietnamese processing industry, given restrictions on timber exports in neighboring countries, resulting in an increasing gap between consumption and legal roundwood imports. This gap was filled with illegal imports (Fig. 2E) Fig. 2G ).
Results

Total
The annual increment of commercially exploitable wood in the forests of Vietnam increased linearly during the 20 y due mainly to the maturation of plantations and the continuing afforestation and reforestation ( Fig. 2 H-J) . Because roundwood extraction remained stable during the period, the unharvested fraction of the annual increment followed the same increasing trend as the total increment. This fraction was close to zero in the beginning of the period, and increased to 6.9 M m 3 in 1998 and 13.6 M m (Table S3 ). These figures cumulate the low and high values of all parameters that respectively decrease and increase estimates. The largest uncertainties are in forest area (6) . Because actual biases are unlikely to be all in the same direction, these low and high estimates are extreme boundaries. The range of realistic values is probably much narrower (SI Text).
Discussion
Forestry Policies and the Wood Sector. Dramatic changes have occurred in wood production and trade in Vietnam over the last 20 y (Figs. 1 and 2 ). Throughout the 1990s, the government shifted the source of wood from natural forests toward plantation and imports ( Fig. 2G ) and shifted the exports from raw wood toward value-added processed wood (Fig. 2C ). In 1992, harvesting quotas in natural forests were strongly reduced (19) , and exports of raw cut and sawn wood were banned. In 1993, logging was banned on all ''special-use'' forests (protected areas and reserves) and on all natural forests in the northern provinces, and a 30-year moratorium was imposed on logging in important watershed areas (20) . In 1998, the ban on commercial logging in natural forests was extended to the whole northern highlands, the southeast, and the Mekong River and Red River Delta provinces, representing 58% of natural forests (21) . Extraction quotas for large-diameter logs in natural forests decreased from 1.2 M m 3 in 1992 to 300,000 m 3 per year since 1998 (21) , and 250,000 m 3 per year after 2003 (22) . During the early 1990s, the growth of the wood industry supplied mostly the increasing domestic demand, associated with the construction boom and rapid economic growth that followed economic and political reforms (23, 24) (Fig. 2K ). In the 2000s, the wood processing industry became increasingly export oriented and, especially after 2003, furniture exports became important sources of wood consumption and foreign currency earnings. Because, despite the growth in illegal logging, the domestic supply of roundwood was insufficient to feed the growing processing industry, and as neighboring countries also implemented bans on raw wood exports, the raw material was increasingly supplied by illegal imports from other countriesCambodia and Laos in the early 1990s and then also Malaysia, Myanmar, and Indonesia (Fig. 2E ). Despite this, an exponential increase in processed wood imports-mainly pulp, paper, boards, and sawnwood from various countries, including Malay- All data in volume in forest (RWE volume ϫ 1.2), except imports values (first column of the three last rows), which have to be multiplied by 1.2 to account for logging wastes, in order to obtain values of displacement. Illegal imports are mostly roundwood from natural forests. Pulp, paper and chips legal imports come mostly from plantations. Other legal imports are mostly other processed wood.
sia, China, and Indonesia-was necessary to feed the domestic consumption and exports of wood products (Fig. 2D) . Increases in imports of both illegal roundwood and legal processed wood resulted in an ever-growing displacement of forest exploitation abroad (Fig. 2F ).
Policy-Induced Leakage and Demand-Driven Displacement. Was forest recovery made possible in Vietnam by shifting pressure on forests in foreign countries? Before the forest transition, in 1987, the sum of consumption and exports was equal to domestic supply in Vietnam. During the following 20 y, the total domestic supply was stable (Fig. 2 D and G) . Forest protection policies caused a reduction in harvests from natural forests and an increase in harvests from a growing area of plantations and in wood imports. Thus, shifts in wood extraction pressure occurred, from natural to planted forests and from domestic forests to forests abroad. Without the policy shifts noted, presumably, the increasing consumption and exports in Vietnam would have been at least partly supplied by greater harvests in domestic natural forests, because it would have been the cheapest way to obtain roundwood.
The major cause of displacement changed during the 20 y. From 1987 to 2003, displacement abroad was mainly due to the new state policies (Fig. 2G) . In their absence, domestic sources would have produced Ϸ76.5% of the volume of wood that has been obtained from abroad. This estimate is high because it assumes that, without policies, extraction would have continued unabated. In reality, in the north of Vietnam mainly, many forest enterprises ceased their activities or suffered financially in the 1990s, not because of forest policies but because of a growing scarcity of raw material (25, 26) . Before the logging and export bans, harvests from natural forests were declining in Vietnam. From 2004 to 2006, the dramatic increase in displacement was associated with a rise in domestic consumption and exports. Forest policies were broadly unchanged, and most of the displacement for this period-63.4%-was demand driven (Fig.  2G) . Even with less-stringent forest exploitation regulations, the demand could not have been fully supplied domestically.
The growth of Vietnamese exports in wood products-mostly semifinished or finished products-was a major source of wood demand and, thus, of displacement and is a remarkable feature of the forest transition in Vietnam. Expressed in volume cut in forests, exports represented 84% of the displacement. Their processing in Vietnam provided important benefits to the economy. But exports from Vietnam could be removed or at least separated in the displacement analysis because they were not consumed in the country. Subtracting exports, total displacement for the 20 y drops to only 7.7 M m 3 , or 6.1% of the regrowth in Vietnamese forests. Regarding wood products exported from Vietnam, the attribution of the responsibility of the displacement is debatable. It is shared between the country consuming Vietnamese products, Vietnam that imports illegal timber, and the source countries where illegal harvesters often collude with officials (8, 10) .
Food imports to Vietnam could also produce a displacement abroad of the agricultural production and associated deforestation. In reality, since 1989, agricultural production in Vietnam has steadily increased (Fig. 2L) . Imports to Vietnam have also increased, but exports from Vietnam have been much higher for all years, and both are of a lower order of magnitude than agricultural production. Displacement of deforestation due to food imports was thus negligible.
Displacement and Forest Changes. If all timber imported by Vietnam had been extracted from Vietnamese forests, would it still have been possible to increase the forest growing stock and area while not further decreasing the quality of forests in Vietnam? This possibility is plausible because the main taxa imported illegally are indigenous to Vietnam (10) . For the 20 y from 1987 to 2006, Ϸ39.1% of the wood increment that actually took place in Vietnamese forests should have been extracted to replace all imports, all other things being equal. A maximum of 22.7% of the regrowth would not have taken place without the forest protection policies (i.e., 58.0% of the 39.1%), and Ϸ16.4% of the regrowth would not have taken place without the economic growth (i.e., 42.0% of the 39.1%). During recent years, with the dramatic increase in exports of wood products, the ratio of displacement on forest regrowth increased. In 2006, 71.4% of the forest regrowth in volume would not have taken place if the wood supply in Vietnam had been entirely domestic. If exports are removed, only 6.1% of the regrowth should have been extracted to supply the domestic consumption without imports.
Compared with the regrowth in wood volume, the increase in forest area depended less on a displacement of wood extraction abroad, because it was mainly associated with land allocation policies and agricultural changes (7) . Some forest area increase would still have taken place since 1992 without displacement of wood extraction abroad.
There has been, however, a shift in the types of wood produced and in forest quality in Vietnam. In 1987, Vietnamese old growth forests provided many large-diameter logs of high-quality wood. In the 2000s, Vietnamese plantations provided mainly smalldiameter logs and low-quality wood not suitable for all sectors (27) . The growing furniture industry, notably, uses a large volume of high-quality wood. It thus generates a demand for high-value logs from primary forests, which are often traded illegally. Restrictions in harvests and the consequent displacement abroad relieved some of the pressure on the few remaining primary forests in Vietnam and their rich biodiversity, but the reforestation had few benefits for the quality of Vietnam's forest. Although forest area and volume have steadily increased during the last 15 y, the degradation of primary forests continues. The secondary regrowths have a low density and a poor biodiversity. Monocultures of fast-growing exotic species make approximately half of the forest area increase in Vietnam.
All of the displacement of forest extraction outside Vietnam for imports of processed wood did not necessarily result in deforestation or forest degradation abroad, because it may have come in part from plantations or well managed forests. However, illegal imports of natural timber, representing approximately half of wood imports, resulted in deforestation and forest degradation in the source countries (8) .
Displacement in Theories of Land and Forest Cover Change.
Beyond the implications for Vietnam, this case informs themes and theories of land change and the forest transition. Displacement may have a positive environmental impact globally if imports of forestry (or agricultural) products to a country come from a place with more productive land and/or more efficient production systems. A more optimal adjustment of land uses to the capacity of land and concurrent land-use intensification is one of the basic mechanisms of forest recovery at a national scale (28) . A more intensive land use concentrated on a smaller area may also reconcile raw material production with environmental conservation at the global scale (29) . But as for agriculture, the spatial concentration of forestry at the international scale is guided not only by the land productivity potential but also by land and labor costs, political stability (30) , and environmental/ resource governance. Although the theory of an adjustment of land use that optimizes land potential is relevant to understand land use changes within countries (28, 31) and at the local scale in Vietnam (7); it cannot be applied to the regional or global scales without further examination. Furthermore, the associated increase in transportation produces its own environmental impacts, and the land released by such land-use adjustment and intensification does not always return to a forested state (32) .
Although the importance of international trade and colonial relations were recognized early in forest transition theories (33) , quantitative analyses have mainly focused on the local or national scales (34, 35) . This study showed that the displacement associated with national-scale forest recovery should be measured and its components attributed to forest policies and economic growth of the forestry sector. Similar processes happen in other countries such as China, where displacement, exports, and forest recovery are also interlinked (36) . Current theories of forest recovery at a national scale should be refined to account for displacement and leakage between countries after globalization (37) . Recent forest resurgence in several Latin American countries was partly driven by replacement of domestic agricultural production by imports and by foreign subsidies, another form of displacement (38, 30) . In line with theories of the ecological modernization (35) , displacement might constitute a temporary necessity: initial forest protection policies and increasing demand from economic development generate displacement, whereas domestic supply lags behind, especially with the long rotation time in forestry. Then, thanks to forestry and agricultural intensification induced by the increasing demand, domestic supply progressively catches up with consumption. The current trends in Vietnam do not suggest that supply will meet the rapidly growing demand anytime soon because, over recent years, self-sufficiency in wood declined (Fig. 2G) .
Relevance for Reducing Emissions from Deforestation and Forest
Degradation (REDD) Policies. Reducing forest degradation and loss are cost-effective ways to decrease carbon emissions (4) . The recent political negotiations under the United Nations Framework Convention on Climate Change (UNFCCC) about REDD proposes to enhance this mechanism by allocating carbon credits to countries that decrease their rate of deforestation or forest degradation. REDD and other such schemes highlight the necessity to understand, quantify and reduce leakage to be effective at a global scale (14, 39) . In the case of Vietnam, during the 1987-2006 period, leakage of forest extraction abroad due to policies protecting domestic forests represented Ϸ23% of the volume of regrowth in Vietnam's forests. National-scale accounts of leakage, the participation of the largest number of countries in the REDD scheme, and combined or differentiated incentives for countries with high and low deforestation and forest cover levels are the most effective ways to address leakage inside countries and preserve the global additionality of the policies (5). However, leakage remains an issue in the implementation of forest protection policies, especially when it is due to illegal trade. Illegal logging is a major source of degradation of high-quality forests. Furthermore, when a displacement of wood extraction mostly feeds exports of value-added products, the attribution of responsibility to deforestation or forest degradation (if it indeed occurs) is debatable. Such questions would also arise if a REDD scheme would account for carbon stocks in wood products such as furniture. The case of Vietnam also shows that, in policies like REDD, forest degradation is as critical as deforestation (40) .
Conclusion
Forest recovery in Vietnam during the last 20 y has been rapid. Yet, it was not only the results of domestic efforts but also of the displacement of wood extraction to neighboring countries. The equivalent of 39.1% of the volume of wood regrowth that took place in Vietnam's forests has been extracted from forests abroad to supply Vietnam's needs.
The leakage due to policies restricting harvests in natural forests and displacement due to the growing wood consumption and exports represented, respectively, 22.7% and 16.4% of the increase in growing stock of Vietnam's forests. Without the rapid increase in fast-growing wood plantations in Vietnam that stabilized the domestic supply, total displacement would have been greater. The growth of the wood processing industry, large programs of plantations, and natural forest protection were all part of the same national forest strategy. In the case of Vietnam, displacement, exports, and forest transition are thus interlinked. When policies-such as may be implemented through a REDD scheme-aimed at protecting forests lead to a decrease in harvests without accompanying measures to control wood consumption and/or increase wood production from plantations and processing efficiency, then leakage abroad will most likely occur. Leakage should thus be directly addressed in forest protection policies. Illegal trade flows contributed to 48.1% of the displacement of wood extraction generated abroad by Vietnam. The exports from Vietnam represented Ϸ84% of the imports. Attribution of the displacement and corresponding forest extraction to Vietnam, the source countries or the final consumers is thus debatable. Such an increase in exports of wood products is uncommon for places undergoing a forest transition. Yet, Ϸ60.9% of the regrowth that actually took place in Vietnam's forests can be considered as free of displacement. This constitutes a net gain for the world's forests and carbon sink. Methods. The first step was to estimate flows of wood and wood products from foreign countries to Vietnam, especially illegal timber trade. Discrepancies between domestic production, legal imports and consumption of forest products may be used to estimate illegal timber trade (41) . All FAO data were converted to RWE volume (Table S4 ). These conversion factors were assumed to be constant throughout the period, because gains in processing efficiency were compensated by the decrease in the diameter of logs due to the depletion of natural forests and the increased reliance on fast-growing plantations (42) . Legal imports of industrial roundwood and processed wood were drawn from FAOSTAT data (Fig. 1, Eq. 1) . Illegal imports were estimated as the difference between, on the one hand, the quantity of RWE processed in the Vietnamese industrial sector or exported as roundwood and, on the other hand, the quantity of RWE extracted legally and illegally from Vietnamese forests for industrial purposes plus legal imports of roundwood (Fig. 1, Eq. 1 ) (41) . This assumes that all illegally imported logs enter the legal processing industry-encouraged by fiscal policies-and that illegal imports of processed wood products are negligible, as shown by ref. 8, 10, 43 . The balance of inputs and outputs in Vietnam's wood processing sector is:
where PRw is the legal (recorded) production of roundwood (including sawnlogs and veneerlogs, pulpwood, and other industrial roundwood); IRwL are the legal imports of industrial roundwood; PRwIll is the domestic illegal extraction of commercial roundwood; IRwIll are the illegal imports of roundwood (the unknown variable); PPr is the production of processed wood products, and ERw are the legal exports of roundwood. For the period 1987-1997, inaccuracies in the FAO data prohibited the calculation of illegal imports by the input-output balance method (SI Text). Instead, the available estimate of illegal imports for 1997 (25) was used and extrapolated to previous years (SI Text). The total volume of wood products imported to Vietnam was calculated as the sum of legal imports of roundwood and processed wood products, and of illegal imports of wood. To account for the residues and wastes from logging, displacement-which corresponds to the volume of commercially exploitable wood cut in forests outside Vietnam-was assumed to represent 120% of the total volume of wood imported (44) . Total exports were calculated as the sum of exports of roundwood, processed wood and SPWP (furniture) (SI Text).
In the second step, policy-induced leakage and demand-driven displacement were estimated. Until 1991, the forestry policy did not restrict harvests. All of the displacement was therefore considered as demand driven. Policyinduced leakage since 1992-the year of the first export ban and harvesting quotas-was calculated as the difference between harvest in natural forests that would have taken place absent any forest protection policy and harvest in natural forests that actually took place. The former was estimated by extrapolating the harvest from natural forests in 1991 according to a linear relationship with wood prices.
This assumes that extraction costs would have remained constant, because technological progress was compensated by the depletion of accessible and exploitable natural forests. Prices were assumed to be unaffected by changes in domestic supply because: (i) despite logging restrictions, total domestic supply did not decrease thanks to new plantations ( Fig. 2 A and I) , (ii) the log export ban reduced domestic roundwood prices and thus counteracted the price impact of the logging ban (45) , and (iii) supply from abroad was abundant and cheap. Demand-driven displacement after 1991 was calculated as the difference between total displacement and policy-induced leakage. These estimates of policyinduced leakage and demand-driven displacement may miss some of the interannual variability, e.g., because of accidental factors that affect the quantity of wood harvested in a particular year. Thus, although these figures should not be interpreted for a specific year, they reveal decadal-scale trends.
The third step was to compare annually the displacement to the increment in commercially harvestable growing stock in Vietnam's forests. Values of mean annual increment (MAI) in commercial growing stock were estimated by using published figures for Vietnam (44) : respectively, 0.75, 0.575 and 0.4 m 3 ha Ϫ1 y Ϫ1 for rich, medium and poor forests as classified in FIPI data; and 10 m 3 ha Ϫ1 y Ϫ1 for plantation forests (given the species planted in Vietnam, SI Text). Plantation forests area increased continuously during the period, from 200,000 ha in 1980 to 2.3 M ha in 2005 (6) (Fig. 2H) . Using total plantation area in 1 y to estimate increment in harvestable growing stock during this year would therefore merge mature plantations with young plantations not yet exploitable. Using a rotation time of 10 y for most of the plantations in Vietnam (22), we calculated the annual wood increment from plantations in 1 y by using the plantation forests area 10 y before. Volumes of commercially exploitable wood from scattered trees and rubberwood for each year were finally added to make the total wood increment. The unexploited fraction of the total increment was calculated by subtracting the legal and illegal harvests of roundwood for commercial and small-holder uses from the total increment.
For each parameter, we used the most reliable value found in the literature. The uncertainties on most of these values were not described by a confidence interval because only a small number of estimates were available. Using the available sources, we estimated low and high values for all possible parameters (SI Text). In addition to the most reliable estimate, we calculated low and high estimates of displacement and of annual increment of wood volume in forests.
